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A B S T R A C T   
Microrefugia are small areas that support favourable climate and allow species to persist during regional and 
global climate changes. Dolines in karst landscapes may provide such areas for many climate change-vulnerable 
species. Here we provide a better understanding on how plant species indicate changes in their environment 
(temperature, soil moisture and light availability) after a few years of partial canopy removal from dolines and 
their close surroundings (logged areas: >1 ha). We place our results in the context of the most widely used forest 
management practices within the study area (Mecsek Mts, Hungary), in addition to presenting a general 
framework for the maintenance of doline microrefugia in forested karst landscapes. Three types of habitats were 
investigated: dolines before logging, dolines after logging, and the forested plateau. Three large dolines and three 
sites on the plateau were selected for vegetation sampling. All dolines were sampled before logging and 5–10 
years after partial canopy removal. Logging resulted in a 50–80% reduction of canopy cover in the dolines and 
their close surroundings. We established a transect across each doline from north to south passing through doline 
bottoms, and across each plateau site. We estimated the percentage cover of vascular plant species (tree saplings 
– up to 1 m in height, shrubs and herbs) along the transects using 1 m × 1 m vegetation plots, determined the 
diagnostic species of the doline and plateau habitats, and used multivariate methods and linear mixed-effects 
models during analyses. Plant species indicated clear gradients of the main microclimatic factors within the 
dolines and that significant changes took place after logging. Canopy removal caused substantial changes in the 
main microclimatic factors of most doline microhabitats (e.g., south-facing slopes). The vegetation of the dolines 
before logging indicated moister conditions than that of the plateau and cooler and shadier conditions than that 
of the dolines after logging. These and our previous results suggest that logging may directly and indirectly 
influence dolines to be microrefugia under global warming. By applying our framework to refugia conservation 
and management for the karst landscape in the Mecsek Mts, we can conclude that the protection of old forests 
and natural forest dynamics in as many large dolines as possible and the implementation of close-to-nature 
forestry practices may be essential to maintain regional biodiversity in the long run.   
1. Introduction 
Climate change microrefugia are small areas with special environ-
mental conditions where species persist during regional climate changes 
with the potential to re-expand in the future (Keppel et al., 2012; Mei-
neri and Hylander, 2017). Because such areas provide important infor-
mation about past climates due to the presence of climate relicts and will 
likely play key roles in retaining biodiversity under future climate 
changes, they are among the most fascinating study systems in bioge-
ography (Dobrowski, 2011; Lenoir et al., 2017; McLaughlin et al., 2017). 
In recent years, there has been intense interest in developing approaches 
for identifying and understanding refugia, highlighting the importance 
of physical and topographic features, climate exposure, environmental 
gradients and species-based information (e.g., physiological and func-
tional traits) in microrefugia (Meineri and Hylander, 2017; Keppel et al., 
2018; Michalak et al., 2020; Barrows et al., 2020). For instance, a 
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Fig. 1. Study region, study area and sampling design. (A) Location of the study region (Mecsek Mts) in Hungary. (B) Location of the study area in the Mecsek Mts 
(adapted from www.mepar.hu); p1, p2 and p3 indicate the investigated sites on the plateau. (C) Large doline covered by older beech and ravine forests (photo: Zoltán 
Bátori). (D) Doline 2 about nine years after logging (photo: Gábor Li). (E) Set-up of transects on the plateau and in the dolines before and after logging. (F) Digital 
surface models (DSMs) of the dolines and their surroundings from May 2021. The intensity of colours indicates the height of vegetation (from dark brown to dark 
blue; where brown represents taller vegetation, and blue represents shorter vegetation). Black dots indicate the deepest part of the dolines. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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number of studies have demonstrated that the presence of sharp tem-
perature gradients and cold air pooling in topographically complex re-
gions may decrease an organism’s vulnerability to warming, indicating 
that these regions can function as microrefugia under on-going climate 
change (Bátori et al., 2017, 2019; Deák et al., 2020, 2021; García et al., 
2020). Although the need to integrate disturbance responses into 
climate change modelling of species distributions has been strongly 
emphasised by recent investigations, it is still poorly understood how 
anthropogenic disturbances affect the distribution patterns of organisms 
within microrefugia (Syphard and Franklin, 2010; Serra-Diaz et al., 
2015). 
Besides incorporating the effects of disturbances into the evaluation 
of refugia, the prioritisation of current and potential climate change 
microrefugia is also needed to achieve the most suitable conservation 
and management measures (Keppel et al., 2015; Bátori et al., 2020a). 
According to the ‘climate change refugia conservation cycle’ (Morelli 
et al., 2016), the first three steps of managing/maintaining refugia are to 
determine purposes and scopes, to assess the vulnerability of the 
resource (e.g., a species’ range) to climate change, and to review/revise 
conservation goals and objectives (steps 1–3). Following these assess-
ments, one has to identify and map key refugia features (step 4), fol-
lowed by the evaluation and prioritisation of refugial areas for specific 
management (step 5) and the identification/implementation of priority 
actions to manage these areas (step 6). Finally, the effectiveness of 
identified refugia should be monitored and locations and management 
practices should be realigned, if needed (step 7). In this study, we 
characterise the biotic and environmental changes caused by forest 
management in karstic microrefugia and provide an example of how the 
abovementioned steps can be adapted for the conservation and man-
agement of forested karst landscapes. 
Refugial areas in karst landscapes have played a key role in main-
taining global biodiversity during Quaternary climate oscillations 
(Culver and Sket, 2000; Clements et al., 2008; Bátori et al., 2017; Su 
et al., 2017), e.g., during warmer interglacial or post-glacial periods (as 
‘warm-stage’ microrefugia). A number of relict species have also main-
tained viable populations within cooler and moister spots (Vilisics et al., 
2011; Raschmanová et al., 2018), such as in karst depressions (dolines, 
sinkholes, or tiankengs). Dolines are the main geomorphological fea-
tures in many karst landscapes that not only provide suitable habitats for 
many climate change-vulnerable species but also play an important role 
in preserving various functional groups of species (Bátori et al., 2020b). 
However, anthropogenic disturbances have the potential to alter the 
conservation value of dolines by changing the physical environment, 
microclimate and finally, the number of vulnerable species in them 
(Kovačič and Ravbar, 2013; Aguilon et al., 2020). For instance, Ker-
mavnar et al. (2020) showed that the short-term responses of microcli-
matic variables to various forest management intensities within dolines 
differ significantly between uncut areas, intermediate management in-
tensity (50% canopy removal) and high management intensity (100% 
canopy removal). Specifically, the temperature and vapour pressure 
deficit increased, while the relative humidity decreased with manage-
ment intensity. In addition, canopy removal may cause changes in the 
refugial capacity (i.e. their potential for facilitating species persistence, 
Keppel et al., 2015) and the naturalness of doline microhabitats (Bátori 
et al., 2020a; Kiss et al., 2020). 
According to Keppel et al. (2015), the environmental and microcli-
matic suitability of a habitat and its accessibility to species are the main 
determinants of refugial capacity. Thus, detrimental changes in these 
attributes may lead to decreased refugial capacity and – as a result – a 
decline in the number of ‘good’ indicator species living within a 
microrefugium. Although an increasing number of studies have reported 
on the decline of climate change-vulnerable plant species triggered by 
various anthropogenic disturbances, the usefulness of different indicator 
species for monitoring potential environmental changes in karstic 
microrefugia has remained largely unknown (but see Breg Valjavec 
et al., 2018a, b; Bátori et al., 2020a; Ferré et al., 2020). Here we aim to 
provide a better understanding on how plant species indicate changes in 
their environment after 5–10 years of partial (but significant) canopy 
removal from dolines and their close surroundings using the Ellenberg 
indicator values (EIVs) of vascular plant species (Ellenberg et al., 1992). 
We focus on the changes in the main microclimatic factors (temperature, 
soil moisture and light availability) caused by forest management, 
which, we assume, would indicate changes in the refugial capacity of 
dolines. We also present a general framework for managing/maintaining 
doline microrefugia in forested karst landscapes based on the steps 
proposed by Morelli et al. (2016). The following specific questions are 
addressed: 1) Do plant species indicate any difference in the main 
microclimatic factors between dolines and the plateau? 2) How do these 
factors change after a few years of canopy removal within dolines? We 
believe that our results will provide a firm basis for the conservation and 
management of microrefugia in karst landscapes and may act as an 
interface between conservationists and forest managers. 
2. Material and methods 
2.1. Study area 
The study area was selected in a limestone karst landscape of about 
30 km2 in the western part of the Mecsek Mts (altitude: 250–500 m), 
near the village of Orfű, Hungary (Fig. 1A, B), where more than 2000 
solution dolines are scattered on a relatively flat plateau (Hoyk, 1999a). 
The climate is continental with strong sub-Mediterranean influences 
(mean annual temperature: 9.5 ◦C, mean annual precipitation: 740 mm) 
(Dövényi, 2010). Although most dolines are small (diameter < 20 m) 
and do not substantially modify the microclimate of the area, large 
dolines provide cooler and more humid microclimates than the karst 
plateau (Bátori et al., 2011). The limestone is covered by weathered 
loess. Due to this loess cover, soil formation processes are mostly inde-
pendent of limestone and, as a result, Rendzic Leptosols (WRB 2015) 
occur only around rocky outcrops and steep south-facing slopes. The 
dominant soil type is a Haplic Luvisol (Jones et al., 2005; Mezősi, 2017) 
with relatively thick A and E horizons (40–60 cm), 1–2% humus content 
and a pH between 5 and 6. The soil texture is mainly clay loam, secondly 
loam or clay. The B horizon can extend to 90–120 cm and it can be 
characterised by higher clay content than the topsoil. Carbonate content 
and coarse fragment are low (under 3%) along the whole soil profile 
(Hoyk, 1999b). The thinnest soils can be found on the steepest slopes of 
dolines, valleys and rocky outcrops, while doline bottoms are covered by 
deep soils with a high water retention capacity (Bátori et al., 2011). 
Sub-Mediterranean type oak-hornbeam and beech forests cover the 
plateau and the upper slopes of dolines (Fig. 1C), while ravine forests 
with Acer campestre, A. platanoides, A. pseudoplatanus, Ulmus glabra, Tilia 
cordata and T. platyphyllos occur at the bottoms of larger dolines (Bátori 
et al., 2012). A relatively high number of dolines are covered by 70–120 
year-old forests. Canopy cover on the upper slopes varies between 75% 
and 95%, while it is generally lower (55–75%) at the bottom of larger 
dolines. Canopy cover within some larger dolines has decreased signif-
icantly in the last 5–15 years, due to commercial forest management (i.e. 
rotation forestry, Fig. 1D–F; Supplementary Fig. 1). The first cutting 
intervention (preparation cutting) in the investigated dolines and/or 
their close surroundings was in 2007 (doline 1) and between 2011 and 
2012 (dolines 2 and 3, respectively). Canopy cover within doline 1 had 
decreased significantly (logged area: > 1 ha) by 2012, while the canopy 
was removed from about 0.1–0.2 ha patches adjacent to dolines 2 and 3. 
Selective cutting was also implemented in doline 2 and its close sur-
roundings (logged area: > 1 ha). Only some smaller patches of mature 
trees had survived in doline 3 by 2016. As a result of these forestry ac-
tivities, canopy cover within dolines had decreased to approximately 
20–50% of its original extent by 2017 and 2019 (Fig. 1D– F). Canopy 
cover in the older (70–120 years old) oak-hornbeam and beech forests of 
the plateau ranges between 80% and 95%. 
Our previous studies indicated that the bottom of larger dolines may 
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provide potential microrefugia for a number of climate change- 
vulnerable species, such as Aconitum vulparia Rchb., Chrysosplenium 
alternifolium L., Dryopteris dilatata (Hoffm.) A. Gray, D. pseudomas 
(Woll.) Holub bis & Pouzar, Polystichum aculeatum (L.) Roth ex Mert., 
P. setiferum (Forssk.) Moore ex Woyn., Stachys alpina L. and Veronica 
montana L., which are rare in or absent from the plateau habitats (Bátori 
et al., 2012). The south-facing slopes provide habitats for species 
adapted to warmer and drier conditions [e.g., Dioscorea communis (L.) 
Caddick & Wilkin and Fraxinus ornus L.]. 
2.2. Sampling 
Three types of habitats were investigated: 1) dolines before logging, 
2) dolines 5–10 years after logging, and 3) the plateau, covered by intact 
forests. Three large dolines (dolines 1, 2 and 3; Fig. 1B) and three sites on 
the plateau were selected for vegetation sampling. Dolines were about 
70–100 m in diameter and about 13–14 m deep. All dolines were 
sampled before logging in 2007 (covered by about 110-year-old forests) 
and about 5–10 years after partial canopy removal in 2017 (dolines 1 
and 2) and 2019 (doline 3). The sites on the plateau were sampled in 
2007. No signs of logging were detected during the sampling in 2007, 
either in the investigated dolines and their close surroundings, or in the 
sites on the plateau. 
We used the same sampling method for the doline and plateau 
habitats. A transect was established across each doline from north to 
south passing through the doline bottom (length of transects: 87 m, 78 
m, and 114 m, respectively) (Fig. 1E). Transects were placed at 
approximately the same location before and after logging. Three 100-m- 
long transects were also established on the plateau. The distance be-
tween these transects was at least 100 m. All transects consisted of 1 m 
× 1 m vegetation plots spaced at 2-m intervals. The survey was con-
ducted in summer (June–August), at the peak of the growing season. We 
recorded the percentage cover of each vascular plant species (tree sap-
lings – up to 1 m in height, shrubs and herbs) in each plot. We surveyed 
294 plots (dolines: 96 plots before and after logging, respectively; 
plateau: 102 plots). Nomenclature follows The Plant List (www.theplant 
list.org/). 
2.3. Indicator values 
Ellenberg-type indicator values (EIVs) express the realized optimum 
of the plant species on an ordinal scale defined along environmental 
gradients. They have been developed for the characterisation of Central 
European habitats (Ellenberg et al., 1992); the system has been adapted 
and fine-tuned to the floras of several countries [e.g., Czech Republic 
(Chytrý et al., 2018), Hungary (Borhidi, 1995) and Romania (Sârbu 
et al., 2013)], and has become a widespread tool of agriculture, plant 
ecology and forestry for comparing the habitat conditions of two or more 
areas and for monitoring environmental changes (Tölgyesi et al., 2014). 
In order to characterise microclimatic differences between the habitats 
(dolines before logging, dolines after logging and the plateau), un-
weighted mean EIVs for temperature (T), soil moisture (W) and light 
availability (L) were calculated for each plot using the system of Borhidi 
(1995). Despite the ordinal nature of EIVs, several studies have shown 
that mean EIVs give reliable estimates of the environmental conditions 
and thus provide useful ecological information (Lengyel et al., 2012; 
Wildi, 2016). 
2.4. Statistical analysis 
The diagnostic species of the habitats (dolines before logging, dolines 
after logging and the plateau) were determined by using the phi (Φ) 
coefficient of association (JUICE program, Tichý, 2002). Species with Φ 
≥ 0.2 were considered diagnostic (Fisher’s exact test, p < 0.05) (Tichý 
and Chytrý, 2006). Analysis of similarities (ANOSIM) based on the 
presence/absence data of species, Jaccard dissimilarity and 5000 
permutations were applied to test the effect of habitats on the plant 
species composition. Detrended correspondence analysis (DCA) was 
used to visually illustrate compositional differences between the habi-
tats (detrending with 26 segments). ANOSIM and DCA were calculated 
in R (R Core Team, 2021) using the anosim and the decorana functions of 
the ‘vegan’ package (Oksanen et al., 2019). To assess the relationships 
between mean EIVs and habitats, smooth surfaces and environmental 
vectors were fitted onto the DCA ordination space using the ordisurf and 
envfit functions and correlations between ordination scores and fitted 
vectors were calculated. 
Violin plots were used to illustrate the distribution of mean EIVs in 
the habitats. To test differences between habitats we used linear mixed- 
effects models (LMMs) with a Gaussian error term. LMMs were per-
formed in R using the lme function of the ‘nlme’ package (Pinheiro et al., 
2021). Habitat (three levels: dolines before logging, dolines after logging 
and the plateau) was included as the fixed factor, mean EIVs of the plots 
as dependent variables, and location (i.e. dolines 1, 2 and 3, and sites 1, 
2 and 3 on the plateau) as a random factor. Full models were tested for 
significance with the Anova function of the ‘car’ package (Fox and 
Weisberg, 2019). Pairwise comparisons of factor levels were carried out 
with Tukey’s HSD post-hoc test, using the emmeans function of the 
‘emmeans’ package (Lenth, 2021). Additional models (LMMs, Gaussian 
error term) were built to test differences in each doline microhabitat 
before and after logging. We defined microhabitats as follows: south- 
facing slope – upper two-third of plots along the south-facing slope; 
bottom – lower third of plots along the slopes, and north-facing slope – 
upper two-third of plots along the north-facing slope. Time was used as 
the fixed factor (two levels: before and after logging) in the models, 
mean EIVs of the plots as dependent variables, and location (i.e. dolines 
1, 2 and 3) as a random factor. Separate models were built for each 
microhabitat. 
Table 1 
List of diagnostic plant species on the plateau and in the dolines before and after 
logging in the Mecsek Mts (Hungary). The temperature (T), moisture (W) and 
light (L) indicator values of these species are shown in parenthesis (Borhidi, 
1995). Within blocks, species are listed by decreasing values of the phi (Φ) co-
efficient (Φ × 100, values in boldface).  
Synoptic table 
Plateau Φ (T, W, L)   
Lathyrus vernus (L.) Bernh. 39.9 (6, 6, 4)   
Melica uniflora Retz. 38.1 (5, 5, 4)   
Hedera helix L. 37.6 (5, 5, 4)   
Carex pilosa Scop. 37.2 (6, 5, 4)   
Tilia cordata Mill. 31.0 (5, 5, 4)   
Polygonatum multiflorum (L.) All. 21.6 (5, 5, 3)   
Fraxinus excelsior L. 21.2 (5, 6, 3)   
Alliaria petiolata (M.Bieb.) Cavara 
& Grande 
20.0 (6, 5, 5)   
Dolines before logging  Φ (T, W, L)  
Acer pseudoplatanus L.  36.6 (5, 6, 4)  
Veronica montana L.  34.3 (5, 6, 4)  
Lamium galeobdolon (L.) L. s.l.  23.1 (5, 6, 3)  
Lamium maculatum (L.) L.  20.6 (5, 6, 4)  
Dolines after logging   Φ (T, W, L) 
Rubus hirtus Waldst. et Kit. agg.   47.1 (6, 5, 6) 
Urtica dioica L.   43.4 (6, 7, 6) 
Calamagrostis epigejos (L.) Roth   39.7 (5, 5, 7) 
Vinca minor L.   32.0 (6, 5, 4) 
Carex sylvatica Huds.   30.3 (5, 6, 3) 
Hypericum hirsutum L.   29.8 (6, 5, 7) 
Stenactis annua (L.) Cass.   28.2 (5, 7, 5) 
Veronica chamaedrys L.   26.6 (5, 5, 6) 
Carpinus betulus L.   25.2 (6, 6, 4) 
Erechtites hieracifolia (L.) Raf.   23.9 (8, 5, 7) 
Fragaria vesca L.   23.9 (5, 5, 7) 
Lactuca muralis (L.) Fresen.   23.9 (5, 5, 4) 
Dactylis glomerata L.   22.3 (5, 6, 7) 
Athyrium filix-femina (L.) Roth   20.8 (5, 7, 4) 
Salix caprea L.   20.6 (5, 5, 7)  
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2.5. Framework for managing/maintaining doline microrefugia 
To provide a general framework for managing/maintaining doline 
microrefugia in forested karst landscapes, published case studies and 
reviews were identified in peer-reviewed sources using a Google 
Scholar search on the terms ‘refugium’/‘refugia’, ‘karst’, ‘forest’ and 
‘doline’/‘sinkhole’/‘tiankeng’. This search resulted in more than 500 
papers. After reading the titles and/or abstracts, we identified a subset of 
42 papers about dolines that incorporated relevant conservation and/or 
management information. Eventually, we used the results of 28 papers 
(Supplementary Table 1) and our current analysis to build a framework, 
based on the steps of the ‘climate change refugia conservation cycle’ 
proposed by Morelli et al. (2016). 
3. Results 
3.1. Diagnostic species 
A total of 97 plant species were recorded in the 294 plots of the three 
habitats. Four diagnostic species were identified for dolines before log-
ging and 15 diagnostic species for dolines after logging, while the 
plateau had eight diagnostic species (Table 1). All diagnostic species of 
dolines before logging were submontane species (T5) and indicators of 
fresh–humid soils (W6). Three of them were shade–semi-shade plants 
(L4, 75%) and one was a shade plant (L3, 25%). The plateau contained 
both colline (T6, 37%) and submontane species (63%), and most of its 
diagnostic species were shade–semi-shade plants (63%) and indicators 
of fresh soils (W5, 75%). Although most diagnostic species of dolines 
after logging were submontane species (60%), five colline species (33%) 
and one warm-adapted species (T8, 7%) were also identified. Most of 
Fig. 2. Species composition differences and 
mean indicator values in different habitats of 
the Mecsek Mts (Hungary). Colour code: 
white – plateau, blue – doline (b): dolines 
before logging, and red – doline (a): dolines 
after logging. (A) Detrended correspondence 
analysis (DCA) ordination diagram of vege-
tation plots with the fitted smooth surfaces 
and environmental vectors of the main 
microclimatic factors (T: temperature, W: 
soil moisture and L: light availability). Ei-
genvalues for the first two DCA axes were 
0.417 and 0.334, respectively. (B) Violin 
plots of the mean indicator values. Signifi-
cant differences (p < 0.05) are indicated by 
different lowercase letters (a and b). (For 
interpretation of the references to colour in 
this figure legend, the reader is referred to 
the web version of this article.)   
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their diagnostic species were indicators of fresh soils (60%), but in-
dicators of fresh–humid soils (20%) and humid soils (W7, 20%) were 
also identified. Six diagnostic species of dolines after logging were half- 
light plants (L7, 40%), three were semi-shade–half-light plants (L6, 
20%), and four were shade–semi-shade plants (27%). The proportion of 
other groups [L3 and L5 (semi-shade plants)] was low (6.7%, respec-
tively). In 2007, we detected three species (Chrysosplenium alternifolium, 
Dryopteris pseudomas and Veronica montana) along the slopes of dolines 
that are rare or absent on the plateau, but we did not detect them in 
2017. 
3.2. Species compositional and environmental changes 
The ANOSIM revealed significant differences (R: 0.24, p < 0.001) 
among the plot-level species composition of the habitats. All the pair-
wise comparisons were also clearly significant (0.15 < R < 0.33, p <
0.001). DCA axis 1 separated plots of the plateau and plots of the dolines 
before logging, while DCA axis 2 separated plots of the dolines after 
logging and plots of the other two habitats (Fig. 2A). Vegetation indi-
cated a clear gradient of temperature (r 2 = 0.25; p < 0.001), moisture 
(r 2 = 0.56; p < 0.001) and light availability (r 2 = 0.54; p < 0.001) along 
DCA axes (axis 1: temperature and moisture, axis 2: light availability). 
The first DCA axis had a gradient length of 4.96 standard deviation (SD) 
units, while the second axis had a gradient length of 3.55 SD units. 
According to the LMMs (Table 2), the vegetation of the dolines before 
logging indicated moister (p < 0.001) conditions than that of the 
plateau, and cooler (p < 0.001) and shadier (p < 0.001) conditions than 
that of the dolines after logging (Fig. 2B). In addition, vegetation in the 
dolines after logging indicated moister (p < 0.005) and lighter (p <
0.001) conditions than that of the plateau. EIVs of the plots on the south- 
facing slopes indicated significantly warmer (t = 2.39, p = 0.02), drier (t 
= 2.1, p = 0.04) and lighter (t = 7.79, p < 0.001) conditions after logging 
than before logging (Fig. 3). Doline bottoms became warmer (t = 6.06, p 
< 0.001) and lighter (t = 3.74, p < 0.001), while north-facing slopes 
became lighter (t = 3.57, p < 0.001) after logging. 
3.3. Framework 
In our framework we defined the seven steps that are considered 
important for managing/maintaining doline microrefugia in forested 
karst landscapes (Table 3). 
4. Discussion and conclusions 
Dolines can act as important microrefugia where species may survive 
for long periods during regional climate oscillations with the potential to 
re-expand in the future. We demonstrated that canopy removal within 
dolines may cause substantial changes in the understory vegetation and 
refugial capacity of doline microhabitats. Plant species indicated clear 
gradients of the main microclimatic factors (temperature, soil moisture 
and light availability) within dolines and their significant changes after 
partial canopy removal. By applying our framework to refugia conser-
vation and management for the karst landscape in the Mecsek Mts, we 
can conclude that the protection of old forests and natural forest dy-
namics in as many large dolines as possible and the implementation of 
close-to-nature forestry practices may be essential to maintain regional 
biodiversity in the long run. Therefore, forest management and con-
servation actions within and adjacent to karstic microrefugia need to 
consider the possible effects of global climate change on the refugial 
capacity of microhabitats during the regeneration phase of forest stands. 
Of particular importance in the face of climate changes is that dolines 
may provide a wide range of ecological conditions (both cooler and 
moister, and warmer and drier microhabitats) in which climate change- 
vulnerable species can maintain viable populations (Raschmanová et al., 
2018; Bátori et al., 2019; Ferré et al., 2020). We found that plant species 
within larger forested dolines in the Mecsek Mts indicated diverse 
microclimatic conditions and steep gradients of temperature, soil 
moisture and light availability, suggesting the refugial capacity of these 
depressions to be higher than that of the plateau (Fig. 2, Table 2). This is 
in line with the findings of previous microclimatic studies that south- 
facing slopes in dolines receive more solar radiation than bottoms and 
north-facing slopes and that the lower parts of dolines retain more water 
(Whiteman et al., 2004; Kemencei et al., 2014; Bátori et al., 2019). If the 
regional climate becomes warmer and drier, those species of the upper 
slopes that indicate cooler and moister conditions would shift their 
distributions downslope to track their climatic niche. Contrarily, in a 
cooling climate, the upper slopes of dolines (especially the south-facing 
slopes) might provide important microhabitats for the reestablishment 
of these species. Similar conclusions can be drawn by considering and 
analysing the results of other studies in which the distribution of 
different species from various phyla (e.g., indicators of cool and moist or 
warm and dry habitats) indicates the presence of steep environmental 
gradients within dolines (Raschmanová et al., 2013; Battisti et al., 2017; 
Bátori et al., 2017). Although plant species indicated clear gradients of 
the main microclimatic factors after canopy removal as well, there were 
significant differences in gradient patterns before and after logging. 
Logging may cause significant changes in the main microclimatic 
patterns of forests corresponding to the degree of canopy removal. For 
instance, clear-cutting often has severe and long-lasting effects by 
increasing light penetration, daily temperature and vapour pressure 
deficit that may lead to the changes of understory microhabitats (Jokela 
et al., 2019; Koivula et al., 2019; Kermavnar et al., 2020). Although less 
severe disturbances (e.g., 30–50% canopy removal or thinning) can still 
cause significant changes in at least some microclimatic factors, their 
total effect appears to be lower (Elek et al., 2018; Kovács et al., 2020; 
Zellweger et al., 2020). We found that partial (50–80%) canopy removal 
in the oak-hornbeam, beech and ravine forests of dolines stimulated and 
promoted the germination and growth of many plant species in the 
understory that indicated significant shifts toward a warmer and lighter 
environment (Fig. 2, Table 1). These changes were especially pro-
nounced on the south-facing slopes and the bottoms (Fig. 3). Although 
we found no apparent shifts in soil moisture when comparing plant 
Table 2 
Comparisons of the main microclimatic factors (temperature, soil moisture and 
light availability) among the plateau, doline (b) – dolines before logging, and 
doline (a) – dolines after logging in the Mecsek Mts (Hungary) using the fitted 
mixed-effects models. Significant differences (p < 0.05) are indicated with 
boldface.  
Model Microclimatic factors  
Mean temperature values 
Full model χ2 p  
18.66 <0.001 
Pairwise comparisons t p 
doline (b) vs. plateau − 1.17 0.527 
doline (b) vs. doline (a) ¡4.30 < 0.001 
doline (a) vs. plateau 0.27 0.962   
Mean moisture values 
Full model χ2 p  
49.85 < 0.001 
Pairwise comparisons t p 
doline (b) vs. plateau 6.80 < 0.001 
doline (b) vs. doline (a) 1.62 0.237 
doline (a) vs. plateau 5.28 0.002   
Mean light values 
Full model χ2 p  
91.64 <0.001 
Pairwise comparisons t p 
doline (b) vs. plateau 0.11 0.994 
doline (b) vs. doline (a) ¡8.67 < 0.001 
doline (a) vs. plateau 7.27 < 0.001  
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indicators before and after logging at the doline level, the appearance of 
some moisture indicators (W7 species) after canopy removal may refer 
to community reorganisation. Previous studies conducted in different 
ecosystems showed that woody vegetation removal may increase soil 
moisture due to reduced transpiration and interception (Ritter et al., 
2005; Özkan and Gökbulak, 2017; Kovács et al., 2020). It appears 
evident that the funnel-shaped topography of dolines interacts with the 
effects of canopy removal promoting a shift from climatically buffered 
microhabitats to climatically extreme microhabitats (cf. Kermavnar 
et al., 2020). Similar patterns may be observed in grassland dolines, 
where differences between the main microclimatic factors of micro-
habitats (e.g., north- and south-facing slopes and bottoms) are greater 
than those in forested dolines (Bárány-Kevei, 1999; Bátori et al., 2019). 
Our previous studies demonstrated that larger dolines in the Mecsek 
Mts (covered by 100–120 year-old forests) maintain the populations of 
climate change-vulnerable plant species that are rare in or absent from 
the surrounding plateau habitats (Bátori et al., 2012, 2017). A 
significant decrease in canopy cover may reduce the number and cover 
of cool-adapted plant species in dolines within 10 years (Kiss et al., 
2020). Our results suggest that north-facing slopes may have the greatest 
chance of maintaining climate change-vulnerable species after canopy 
removal, as this microhabitat experienced the lowest rate of environ-
mental changes (Fig. 3). Previous studies also show that slope aspect 
within topographically complex areas has a significant effect on a 
number of abiotic and biotic factors, such as microclimate, species 
composition and biotic linkages in forest ecosystems (Bátori et al., 2012; 
Gilliam et al., 2014). However, more field-based measurements are 
required to better understand how abiotic factors change within 
different microhabitats in dolines in relation to the degree of canopy 
removal and how long climate change-vulnerable species can survive in 
the changed environment during the regeneration phase of these forests. 
Although Bátori et al. (2020a) suggest that the competitive effect of the 
dense and extremely shady canopy of young trees upon understory herbs 
may contribute to a further decrease in the refugial capacity of doline 
Fig. 3. Violin plots of the mean indicator values (T: temperature, W: soil moisture and L: light availability) in different doline microhabitats (south-facing slopes, 
bottoms and north-facing slopes) before and after logging. Colour code: blue – doline (b): dolines before logging, and red – doline (a): dolines after logging. Sig-
nificant differences (p < 0.05) are indicated by different lowercase letters (a and b). (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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microrefugia within a few decades after canopy removal (Supplemen-
tary Fig. 1), there are many unresolved questions about the potential 
ecological effects of different management practices during the regen-
eration phase of these forest stands (Fig. 4; see also Battles et al., 2001; 
Roberts and Gilliam, 2014). 
Although a number of studies of early succession in old-growth for-
ests suggest that changes in understory diversity may be fairly short- 
lived following larger disturbances (Kermavnar et al., 2021), some 
species may experience local extinction (Halpern and Spies, 1995). The 
main question is how these species will recover and how the refugial 
capacity of these habitats will change in a warming climate if the current 
management practices are maintained. We believe that at least some 
management practices during the regeneration phase of forests have the 
potential to restore plant community diversity and function in dolines 
under a warming climate. For instance, gap-based management may 
facilitate the regeneration of forests via providing optimal temperature, 
soil moisture and light conditions for species (Gray et al., 2002; Kern 
et al., 2013, 2014) and may increase the refugial capacity of doline 
microhabitats. Shade-tolerant cool-adapted species, which often depend 
on small gaps for establishment, may benefit from such small-scale 
disturbances that mimic natural forest dynamics (Roberts and Gilliam, 
1995). Further investigations are required to determine the optimal 
number and size of harvest-created gaps and analyse the potential ef-
fects of climate warming on regeneration processes (e.g., identifying 
declining and stable populations) to maintain the biodiversity of forest 
ecosystems in karst landscapes. 
As continuous forest canopy may reduce warming rates and ther-
mophilization inside forests (De Frenne et al., 2013; Stevens et al., 2015; 
Lenoir et al., 2017; Kovács et al., 2017, 2018; Zellweger et al., 2020), the 
establishment of forest reserves or the introduction of continuous cover 
forestry (CCF, i.e. continuous and uninterrupted maintenance of canopy 
cover, Pommerening and Murphy, 2004; Tinya et al., 2020) in at least 
some parts of karst landscapes may provide a possible way to maintain/ 
increase the refugial capacity of doline microhabitats. Finally, applying 
the steps of the ‘climate change refugia conservation cycle’ (Morelli 
et al., 2016) for forested dolines (Table 3) may help conservationists and 
forest managers to identify, manage and monitor the most vulnerable 
areas (e.g., local biodiversity hotspots and areas with high refugial ca-
pacity), taxonomic groups (e.g., cool- and moist adapted species from 
different phyla) and functional traits (e.g., flowering characteristics and 
life forms) to maintain regional biodiversity and sustainable forest 
management in the long run. We believe that our framework may also be 
easily applied to manage other types of forested microrefugia, such as 
sinkholes, ravines, valleys, north-facing slopes and rocky habitats. 
As refugia often maintain higher species diversity and a higher 
number of endemic species and relict lineages than the surrounding area 
(Keppel et al., 2012), the identification of such areas within a karst 
landscape may indicate the presence of current and potential micro-
refugia (Table 3). In addition, environmental stability in topographically 
complex landscapes, cool air pooling and high water retention capacity 
may also be key factors in producing ‘warm-stage’ microrefugia (Kobal 
et al., 2015; Bátori et al., 2017). However, anthropogenic disturbances 
may influence the structure and function of these microrefugia. As karst 
landscapes are extremely sensitive to human impacts such as agricul-
tural use, quarrying, stone clearing, urban development, pollution and 
deforestation (Gargano et al., 2010; Kovačič and Ravbar, 2013; 
Gutiérrez et al., 2014), considerable progress has been made over the 
last decades in developing specific vulnerability assessment tools to 
identify and assess the detrimental effects of these impacts in a 
comprehensive way. For instance, using different indices (e.g., KDI: 
Karst Disturbance Index, and KSI: Karst Sustainability Index) may allow 
conservationists and forest managers to develop and implement 
methods for sustaining karst ecosystems (van Beynen and Townsend, 
2005; van Beynen et al., 2012) and to protect microrefugia. Monitoring 
of climate change impacts on the biota of microrefugia in forested karst 
landscapes will need to consider changes in microclimatic patterns, 
habitat structure, species composition and taxonomic diversity, as well 
as various human impacts to arrive at accurate predictions (Table 3). 
Further investigations are needed to determine the main steps required 
to identify and maintain microrefugia in non-forested karst landscapes. 
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Table 3 
Suggested framework for managing/maintaining doline microrefugia in forested 
karst landscapes applying the steps proposed by Morelli et al. (2016).  
For forested dolines and their climate change-vulnerable species in a warming 
climate 
Step 1 – Define planning purpose and objectives 
Maintain/increase the refugial capacity of doline microhabitats in forested karst 
landscapes and protect their climate change-vulnerable species; consider at least a 
30–40 year planning cycle and 50–80 year climate projections.  
Step 2 –Assess climate impacts and vulnerabilities 
Consider macroclimatic drivers; increases in temperature and interannual 
precipitation variability; summer heat waves and drought; intense storms; 
vegetation shifts; changes in forestry policy and practices (e.g., preference for 
planting non-native warm-adapted tree species); changes in tourism-related effects 
(e.g., fire ignition, littering and trampling).  
Step 3 – Review/revise conservation goals and objectives 
Maintain sufficient number of cool and moist microhabitats (i.e. current and potential 
microrefugia) in dolines and their physical properties (e.g., rockiness, slope 
steepness and soil texture) to protect the biodiversity and critical ecosystem 
functions over the next 30–40 years (until the next planning cycle).  
Step 4 – Identify and map key microrefugia features 
Potential microrefugia features: environmental stability; high topographic complexity 
(e.g., diameter, depth, exposure, rockiness and slope angle); cool air pooling; high 
water retention capacity; microhabitats with a high number of climate change- 
vulnerable species; presence of highly divergent lineages.  
Step 5 – Evaluate and prioritize refugial areas for specific management 
Prioritize: large and/or deep dolines; high microhabitat diversity; high taxonomic 
diversity and species richness; high number of cool- and moist-adapted species (e.g., 
endemic and relict species); spatial and temporal overlap with other climate change- 
vulnerable species from different phyla.  
Step 6 – Identify and implement priority actions to manage climate change 
microrefugia 
Maintain old forests and natural forest dynamics in as many doline microrefugia as 
possible; protect surrounding forests; protect natural and semi-natural grassland 
patches among forest stands, support the rehabilitation of areas covered by young, 
dense and homogenous forests; assist colonization; implement close-to-nature 
forestry practices (e.g., continuous cover forestry); work together with local forest 
managers in order to obtain the best experience and to determine the most efficient 
solutions for all stakeholders.  
Step 7 – Monitor the effectiveness of designated microrefugia, realign objectives and 
actions accordingly 
Monitor: main microclimatic factors (temperature, soil moisture and light 
availability); habitat and microhabitat patterns; soil characteristics; indicator 
species; taxonomic diversity and species richness; human impacts.  
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Fig. 4. Forest management cycle in karst dolines and their surroundings in the Mecsek Mts (Hungary). (A) Older forests (100–120 years old, canopy cover: 55–95% 
in different microhabitats) in larger dolines maintain the populations of many climate change-vulnerable plant species (Bátori et al., 2012). (B) A significant decrease 
in canopy cover due to logging presumably decreases the refugial capacity of dolines within a few years via persistent changes in microclimatic patterns. (C) The 
number and/or cover of climate change-vulnerable species may decrease within 10 years after canopy removal (Kiss et al., 2020; but see Kermavnar et al., 2021) and 
species in the understory indicate significantly warmer conditions than before logging (Fig. 2). Although small patches of mature trees may survive in dolines (where 
timber harvesting is not feasible), their presence does not necessarily prevent the disappearance of at least some climate change-vulnerable species at the doline level. 
(D) The dense and homogenous canopy in the first decades of the regeneration phase leads to a further decrease of the number and cover of climate change- 
vulnerable species (Bátori et al., 2020a). Finally, the creation of artificial gaps and forest thinning may facilitate the colonisation of different species (including 
climate change-vulnerable species) and forest regeneration, allowing the potential for the ecosystem to return to a more natural state. However, climate warming in 
East-Central Europe will continue in the coming decades affecting the regeneration process of forests within and adjacent to microrefugia. The main question is how 
these forests will recover and how their refugial capacity will change in a warming climate if the current management practices are maintained. (E) Establishment of 
strictly protected forest reserves would be highly desirable to mitigate the effects of climate change on the biodiversity of karst landscapes. (F) Introducing continuous 
cover forestry in dolines and their surroundings may also provide a promising alternative to maintain the biodiversity of microrefugia. 
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Kovács, B., Tinya, F., Ódor, P., 2017. Stand structural drivers of microclimate in mature 
temperate mixed forests. Agr. Forest Meteorol. 234–235, 11–21. https://doi.org/ 
10.1016/j.agrformet.2016.11.268. 
Lengyel, A., Purger, D., Csiky, 2012. Classification of mesic grasslands and their 
transitions of South Transdanubia (Hungary). Acta Bot. Croat. 71, 31–50. https:// 
doi.org/10.2478/v10184-011-0060-7. 
Lenoir, J., Hattab, T., Pierre, G., 2017. Climatic microrefugia under anthropogenic 
climate change: implications for species redistribution. Ecography 40, 253–266. 
https://doi.org/10.1111/ecog.02788. 
Lenth, R., 2021. emmeans: Estimated Marginal Means, aka Least-Squares Means. R 
package version 1.6.0. https://cran.r-project.org/web/packages/emmeans/index. 
html. 
McLaughlin, B.C., Ackerly, D.D., Klos, P.Z., Natali, J., Dawson, T.E., Thompson, S.E., 
2017. Hydrologic refugia, plants, and climate change. Glob. Change Biol. 23, 
2941–2961. https://doi.org/10.1111/gcb.13629. 
Meineri, E., Hylander, K., 2017. Fine-grain, large-domain climate models based on 
climate station and comprehensive topographic information improve microrefugia 
detection. Ecography 40, 1003–1013. https://doi.org/10.1111/ecog.02494. 
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